In light of the increasing reliance on compact growth as a fundamental strategy for reducing vehicle emissions, it is important to better understand how land use-transportation interactions in uence the production of mobile source emissions. To date, research ndings have produced mixed conclusions as to whether compact development as a strategy for accommodating urban growth signi cantly reduces vehicle travel and, by extension, mitigates environmental impacts, particularly in the area of air quality. Using an integrated simulation approach coupled with long-term land development scenarios, we conducted an assessment of the impacts of different long-term primarily residential growth patterns on vehicle travel and pollutant emissions in the eight counties of the San Joaquin Valley region in central California. e results suggest that higher residential densities result in slightly decreased regional vehicle travel and emissions. Our comparative analysis also suggests that the effects of future land use growth patterns may vary among different spatial areas. at is, compact growth strategies can result in signi cantly more travel and emissions changes in already fairly urbanized counties. is work indicates a minimum density threshold of approximately 1500 households per square mile is necessary to achieve commensurate emissions reductions relative to existing densities.
Introduction
Linking land use, transportation, and air quality has become an increasingly critical need in contemporary urban planning. In particular, a better understanding of the effects on travel activity and vehicle emissions of land use strategies and growth management policies that prioritize compact development is critical for facilitating effective long-term planning decisions. However, the land use-transportation interaction is complicated. To date, research has produced mixed conclusions as to whether compact development as a strategy for accommodating urban growth signi cantly reduces vehicle travel (e.g. Badoe and Miller 2000) and, by extension, mitigates environmental impacts, particularly in the area of air quality. For example, some studies have found that higher residential densities are typically associated with lower regional per capita travel (Ewing and Cervero 2001; Ewing et al. 2002; Golob and Brownstone 2005) , shorter trip length (Cervero 1996) , lower vehicle trip rates (Cervero and Kockelman 1997; Ewing and Cervero 2001) , and higher non-auto mode splits (Dun- phy and Fisher 1996; Ewing et al. 2002) . Other studies have suggested that the relationship between density and travel activity is unclear, or that there are no direct effects (e.g. Kockelman 1997; Miller and Ibrahim 1998; Pickrell 1999 ).
Extending our understanding of how changes in land use and VMT affect air quality is also problematic because the relationship between air quality effects and vehicle travel is nonlinear.
ere is some evidence that emissions per household for criteria pollutants, those air pollutants regulated by the U.S. Environmental Protection Agency, are slightly negatively correlated with household density (Frank et al. 2000) , in particular when smart growth in redevelopment and in ll areas is compared to imbalanced or dispersed growth (Liu 2003) . A recent review of scenario-based long-term planning exercises from more than 50 different metropolitan areas indicated a median reduction of roughly two percent in vehicle miles traveled and nitrous oxides emitted had resulted from an 11 percent increase in density over trend conditions (Bartholomew 2007) .
ese ndings are not out of range with those produced from another study using travel forecasting and scenarios, which found a reduction of approximately ve to six percent in vehicle emissions as a result of an approximately 10 percent increase in population density (Stone et al. 2007) .        . One of the major problems in connecting changes in land use and vehicle travel to air quality impacts is that it is usually difficult to translate changes in one or the other directly into vehicle emissions reductions (Louis Berger Group 2004) . Handy (1996) noted that the methods used to study the relationships between land use and transportation have traditionally fallen into two categories: empirical studies and studies relying on travel forecasting simulation methods. One limitation of the empirical land use-transportation studies, regardless of whether the approach is aggregate or disaggregate, is that the mobile source estimation is delinked from any actual (or simulated) travel conditions or network, and must usually be derived using averages. e emissions-speed curves for most pollutants are generally parabolic and therefore changes in speed can create signi cant changes in emissions. Conversely, studies based on simulation have an advantage in that travel speeds can be attached to an actual network, although traditional travel demand models are not always well-linked to relevant policy questions. e simulation approaches, though dependent on the quality of the models used, offer the potential to explore the effects of development pattern scenarios as a way of examining alternative futures.
In this study, we use an integrated modeling framework to examine future mobile-source air pollutant emissions under a variety of long-term growth scenarios in the San Joaquin Valley (SJV) in central California.
e San Joaquin Valley currently experiences severe air pollution problems, with all the concomitant emissions control challenges associated with population expansion, which has in turn driven changes in transportation, industry, agriculture, and power generation (Hall et al. 2006) . Over the next 30 years, the population of California is expected to grow by 15 million, with roughly 25 percent of that growth occurring in the SJV (California Department of Finance 2007) . Where this growth goes and how it is placed within the context of the cityscape are vitally important to achieving many of the state's environmental goals, including reducing air quality problems and changing the long-term anthropogenic drivers of global warming.
Empirical setting
Our study takes place in the heart of the SJV and includes eight counties: Fresno, Kern, Kings, Madera, Merced, San Joaquin, Stanislaus, and Tulare. Each county has its own federally designated metropolitan planning organization and operates its own four-step travel model. e counties are part of the San Joaquin Valley Air Pollution Control District. e region is designated by the U.S. Environmental Protection Agency (EPA) as an "extreme" nonattainment area for national one-hour ozone standard and "serious" for national eight-hour ozone standard (U.S. Environmental Protection Agency 2004), e most recent conformity demonstration was conducted in 2007. Each of the SJV counties has longterm growth projections that are signi cant in terms of the potential impacts to county travel and land use (Table 1; Figure 2) . Historically (Figure 1 ), the populations of the counties have grown at an average rate of about three percent per year (Pop), with VMT growth exceeding that rate. Average density across all of the counties has remained fairly at regardless of population growth.
e estimated transportation greenhouse gas (GHG) emissions (F) have also increased as population has increased and are projected to roughly approximate increases in VMT as new regulations come into play (e.g., the Pavley standards, which regulate GHG emissions in new vehicles, and the Low Carbon Fuel Standard). Official state projections indicate that San Joaquin County will experience the highest growth in population, adding more than 660 000 people between 2000 and 2030, while Fresno County is projected to have the largest residential and employment growth, adding more than 200 000 new households and 270 000 employees by year 2030.
To assess the impact of potential long-term growth patterns within the eight county region, we developed a process that included looking at a variety of regional and local policy variables to de ne a number of different long-term growth scenarios, all physically plausible but some more politically realistic than others. e variables and the scenarios were vetted by an expert review committee and then used to simulate four different land-use-change scenarios using UPlan (Johnston et al. 2003) . e outputs of UPlan were then used to derive inputs to each of the eight counties' travel demand models.
Regional and local policy variables
Combinations of regional and local policy variables (Table 2) were evaluated to establish working scenarios for testing the travel implications of different long-term growth patterns. Regional variables represent policy issues that the state largely in uences, with local participation generally funneled through regional bodies (e.g., the pollution control board or the metropolitan planning organizations). Local policy variables are assumed to be mostly or predominantly in uenced by local cities and to a lesser degree by the county. To establish our working scenarios, we reviewed current local and regional policy documents with respect to each of the major variables. Source: Individual travel demands from each county. We used the Regional Transportation Plans (RTPs) to determine policy goals and trends for transportation infrastructure development. In reviewing these plans, we noted that a consistent theme was to promote mobility while preserving the environment. Most counties were planning to upgrade highway systems and complete gaps between local and state highway systems. And many plans also emphasized promoting alternatives to automobile travel including inter-city rail and bus service, intra-city public transportation, and bicycle and pedestrian facilities. e circulation elements in city and county general plans were used to determine policies for local road, rail, and bus development. e city and county general plans were also used to determine future land use policies, including zoning designations, density limits, and urban service boundaries. ese policies shape what kind of land development will happen where.
We selected a limited number of combinations of values for each policy variable based on four distinct policy scenarios (Table 3 ). e Baseline Growth (BG) scenario assumes no change in the trend for all variables. e Controlled Growth (CG) scenario assumes no roadway capacity enhancements and, conversely, expansion of alternative forms of transportation and increases in residential densities through in ll development and changes in zoning density limits.
e Uncontrolled Growth (UG) scenario assumes low and very low residential densities and signi cant roadway capacity expansion with little or no implementation of alternative forms of transportation.
e As Planned (AP) scenario represents current plans; in this scenario, there are both new roads and high speed rail, and densities vary between low and high. We assembled a panel of seven experts with diverse backgrounds in economics and land use, transportation, air quality, agriculture, and energy policy to review key variables underpinning the policy scenarios. e expert panel included members representing the California Energy Commission, the California High Speed Rail Authority, the California Air Resources Board, Caltrans, the Great Valley Center (a regional NGO), and academic experts on economics and air quality. We selected UPlan, a heuristic GIS-based program for building land-use scenarios developed at UC Davis (Johnston et al. 2003) to translate the policy variables into long-term growth patterns. In UPlan, each land use variable translates into three possible inputs: attraction factors, discouragement factors, or masking factors ( Figure 3 ). For example, high speed rail stations and highway networks act as attraction factors for growth (i.e., UPlan assumes population growth will expand in these areas before moving into other areas). Conversely, the agricultural and habitat preservation areas act as discouragement factors for growth. We used current trends to estimate growth in agricultural preservation agreements and land that will remain undeveloped. For habitat restoration, we assumed that land currently under contract will remain undeveloped and used existing trends to project any growth in habitat preservation. Land identi ed as being preserved was assigned discouragement factors for development in the UPlan model. Finally, transportation facilities were given no-development buffers consistent with the xed assumptions recommended by the expert panel. UPlan has a 50-meter grid cell resolution. A GIS layer was developed for all of the relevant input variables for each scenario and a quality assurance check was completed to ensure that results were reasonable. We allocated 100 percent of projected population growth for all scenarios and used input levels as de ned in Table 4 ; all inputs are the same across the four scenarios except as noted.
e impact of residential growth patterns on vehicle travel and pollutant emissions 
e UPlan modules created projections of population and employment for speci ed grid cell sizes, based on attraction, discouragement, and masking factors, and then produced the number of households for four residential density categories and the number of employees for three employment categories (Table 5) as its nal result. e CG and UG scenarios bracket growth patterns between high density (compact growth conditions) and low density (sprawl-like conditions). UPlan grid cell results were aggregated into each county's traffic analysis zones (TAZs) as inputs for travel demand modeling.
Travel modeling
In order to use UPlan results, it was necessary to perform two additional steps to convert the results for use in the travel models. First, because UPlan forecasts only the new growth (or changes) in the assigned household and employment numbers between the base year and the target year (2030), we combined county-speci c base year land-use data with UPlan outputs to generate 2030 household and employment numbers by TAZ. Second, because UPlan provides a limited number of household and employment categories and these categories tend to be more aggregate than the resolution of the data used in the travel models, we used the county socio-demographic data represented in the base year travel demand modeling to sub-divide UPlan categories into detailed household or employment categories (e.g., single-family and multi-family households; manufacturing, retail, and government employment, etc).
As noted previously, each county has its own four-step travel model. We utilized these models, including trip generation, trip distribution, mode split, and trip assignment, with the land use patterns obtained from UPlan de ned for each model's TAZs (numbers of households and employees by different categories). It is also important to note that, for the scenarios in which high speed rail is included, some additional adjustments were made. Based on forecasts provided by the California High-Speed Rail Authority (CHSRA), seven percent of private auto travelers will be diverted to the high-speed train (California High-Speed Rail Authority 2000). To spatially quantify the effects of high-speed rail in the Controlled Growth and As Planned scenarios, we rst identi ed the highway corridors used by through-county traffic, the county highway network gateways, and the associated external-external trips in the origin-destination (OD) matrix. We then identied the traffic analysis zones in the downtown areas that were potentially affected by high-speed rail stations and the associated external-internal trips in the OD matrix. We reduced the identi ed external-external and external-internal trips by seven percent before loading the OD matrix into trip assignment models, and we increased the corresponding number of internal-internal trips associated with those identi ed downtown area traffic analysis zones in trip assignment.
Emissions modeling
In the nal step, we used the UCDrive model to combine travel modeling results with MOBILE6 (a model for predicting on-road mobile source pollutant emissions) emission factors to generate SJV mobile source emissions. UCDrive is a grid-based mobile source inventory model, which has the ability to simulate ne-scale vehicle emissions resulting from travel activity changes . Speci cally, travel modeling results were organized by roadway link (e.g., link VMT and speed) and by TAZ (e.g., number of vehicle starts and within-zone VMT). Emissions rates from MOBILE6 were divided into two categories: link emissions (e.g., running exhaust and running loss) and non-link emissions (e.g., start exhaust and hot soak). ese MOBILE6 emission rates were also revised based on SJV county-speci c information such as temperature and relative humidity pro les, fuel program and inspection/maintenance program, and then aggregated into composite emission factors across vehicle type and vehicle age.
e UCDrive modeling process calculates three types of emissions rates: interzonal running emissions, intrazonal        . running/trip-end emissions and interzonal trip-end emissions ( Figure 4 ). Speci cally, interzonal running emissions are estimated on a link-by-link basis by rst identifying the composite emission factors (CEF) based on link speed. e total link emissions are then calculated by combining link activities with link-speci c CEF. Finally, link emissions are distributed spatially (to grid cells) and temporally (to each hour of the day). e intrazonal running/trip-end and interzonal trip-end modules produce non-link emissions for each TAZ, based on trip productions, trip attractions and within-zone vehicle miles traveled. For each growth scenario, the results of the grid cell emissions for four tailpipe and evaporative pollutants, total organic gas (TOG, a typical form measured for mobile source hydrocarbon), carbon monoxide (CO), nitrogen oxides (NOx) and particulate matter (PM10), were aggregated into the regional total inventory for each SJV county.
Results
We conducted a comparative analysis of the travel and vehicle emissions results from the four planning scenarios at the regional level as well as at the county level. As noted earlier, residential density is a primary factor re ecting land use patterns in different growth scenarios. For the eight SJV eight counties, household density from the year 2000 and the density criteria applied in UPlan to allocate new households (see Table 5 ) were used to generate weighted average household densities corresponding to each growth scenario for the year 2030 (Table 6) . We used these to analyze the association between density and the estimated changes in travel and emissions presented in the subsequent sections.
Regional-level comparison
At the regional level, the modeling results show consistent patterns across growth scenarios (Table 7) : compared to the BG scenario, higher-density land use patterns in the CG scenario (with average densities between 6000 and 8000 households per square mile) tend to result in lower vehicle miles traveled (VMT) and vehicle hours traveled (VHT) at the regional level, as well as shorter travel distances at the trip level; conversely, signi cant increases in VMT, VHT, and average trip length are associated with low-density development in the UG scenario. As expected at the regional level, emissions of criteria and primary pollutants are correlated with vehicle miles traveled. Regional total emissions in the CG and UG scenarios re ect the low and high ends of the range of changes across the different scenarios-six to 10 percent lower and seven to 10 percent higher, respectively, than under the BG scenario.
County-level comparison
At the county level, differences across growth scenarios suggest a similar pattern.
e CG and UG scenarios tend to bracket the lowest and highest estimates of traffic activities by 2030. However, the magnitude of changes relative to the BG scenarios varies by county ( is associated with approximately 30 percent higher VMT than would be expected under the baseline growth condition.
To further investigate the relationship between densities and travel activities, we focused on the comparison between the CG and AP scenarios in each county. In particular, this comparison identi es the county-level changes in a compact growth (CG) pattern versus what would be expected under the "business-as-usual" scenario (AP). Residential densities in the CG scenarios are 90 to 150 percent higher (roughly 3000 to 4000 more households per square mile) than under the AP scenarios across all SJV counties (Figure 6 ). Except for Merced and Kern Counties, where VMT and VHT marginally increase, the modeling results for other counties indicate a consistent reduction in per-household vehicle miles and hours traveled in the CG scenarios. Compact growth patterns in San Joaquin and Stanislaus Counties result in the largest reductions in VMT and VHT, while traffic activities drop moderately in rural Kings and Madera Counties.
We calculated the elasticity of vehicular travel with respect to density in order to quantify the impact of compact growth in each of the SJV counties relative to the as-planned (AP) scenario. Speci cally, elasticity in this context is calculated Care should be taken in reviewing elasticities given the large changes in densities.
as the ratio of the percentage change in household VMT or VHT to the associated percentage change in residential density. In six of the eight SJV counties, VMT and VHT elasticities are negative with respect to household density, ranging from −0.19 to −0.05 and from −0.27 to −0.01, respectively (Table 8) . Based on the elasticities, the compact growth pattern in San Joaquin County (with the largest population growth in the SJV region between 2000 and 2030) has the most signi cant impact on vehicular travel; given a 10 percent increase in residential density, reductions of 1.9 and 2.7 percent in VMT and VHT (respectively) can be reasonably anticipated. In terms of absolute values in travel activity, the San Joaquin County results also suggest an average decrease of 1519 household annual vehicle miles given every 1000 households per square mile increase in density. is result is slightly higher than that calculated for California as a whole in Golob and Brownstone (2005) . e impact of compact growth appears marginal in Kings and Madera Counties, two areas in the SJV region with the smallest projected population increases by 2030. A 10 percent increase in residential density is associated with a reduction of only 0.5 percent in household VMT and VHT. Increases in Merced are associated with inter-county travel growth.
Finally, we examined the effects of the different growth patterns on vehicle emissions. It should be noted that, in addi- tion to VMT, there are other confounding factors in different growth scenarios that may in uence changes in vehicle emissions; that is, changes in growth patterns will also change link vehicle speeds and the number of starts. Our emissions comparison re ects the combined in uence of these factors. However, since running-exhaust emissions dominate the mobile source inventories, county-level emissions differences should be expected to correlate strongly with VMT changes across growth scenarios. As illustrated in Figure 7 , vehicle emissions changes relative to the baseline growth scenario suggest patterns similar to observed VMT changes. High residential densities in the CG scenario generally result in a reduction of roughly 10-15 percent in criteria and primary pollutant emissions in Fresno and San Joaquin Counties, while urban sprawl conditions potentially lead to an increase of more than 30 percent in vehicle emissions over the baseline growth pattern.
Elasticities of vehicle emissions with respect to residential densities (Table 9) , based on the comparison between the CG and AP scenarios, indicate that the effects of compact growth on emissions will be similar in magnitude to the effects seen earlier on VMT. For example, given a 10 percent increase in average residential density in Fresno and San Joaquin Counties by 2030, a reduction of approximately 1.5 to 1.9 percent in vehicle pollutant emissions can be reasonably anticipated.
Discussion and conclusions
Using a simulation approach coupled with long-term land development scenarios, we assessed the impacts of different longterm growth patterns on vehicle travel and pollutant emissions in the eight counties of the San Joaquin Valley region in central California. e results, based on an integrated modeling process, suggest that higher residential densities can contribute to development patterns that decrease regional vehicle travel and emissions. In contrast, inefficient dispersed growth patterns tend to result in longer travel distances and times which, in turn, worsen air quality. Previous studies linking land use and travel have produced a range of results regarding the quantitative effects of density on vehicle travel. Ewing and Cervero (2001) reviewed a        . Golob and Brownstone (2005) found that households will drive 1171 miles per year less for every increase in housing density of 1,000 units per square mile, which is equivalent to a VMT elasticity of −0.12 with respect to residential density (assuming 30 000 miles annual travel per household and 3000 households per square mile density as base, which is similar to the AP 2030 scenarios in our study). In a recently published report based on meta-analysis of regional simulation studies, the best estimate of the elasticity of VMT with respect to regional density was calculated as −0.075 (Ewing et al. 2007 ). In contrast, Stone et al. (2007) found the median vehicle travel (and emissions) elasticity to be −0.35 across eleven large metropolitan regions. Our study, however, indicates a median travel (VMT) elasticity of −0.09 with respect to residential density, which suggests that increased density has a much more moderate impact on travel reductions.
Our comparison analysis also suggests that the effects of future land-use growth patterns may vary among differently sized spatial areas (Figure 8) .
at is, the highest elasticities occur where land patterns are already densest, but the densest counties also experience the smallest changes in density, which is reasonable. Practically speaking, within the SJV region, compact growth strategies are likely to result in signicantly more travel and emissions changes in counties that are already fairly urbanized. is nding is consistent with Stone et al. (2007) , who also found that densi cation of urban areas was about 2.5 times more effective in reducing VMT than densifying rural areas. Our analysis also suggests that, speci c to the SJV, we may have two categories of urban areas. Our work seems to indicate that a density threshold of approximately 1500 hh/sq. mi. is necessary to achieving both VMT reductions and commensurate reductions in air pollutants relative to existing densities.
Since the integrated modeling process developed in this study is based on the traditional four-step travel demand model used by each county, travel activity effects are mainly measured with respect to roadway network performance, rather than travel behavior. erefore, one important limitation of this study is the lack of consideration of some confounding factors, especially those at the local scale (e.g., availability of various travel modes, potential improvement of local transit, quality of the pedestrian environment, and people's perception of safety), which can play important roles in trip-making decisions and may directly in uence travel and emissions in different growth scenarios. In addition, policies on residential density are primary drivers of the differences in development patterns in the scenarios, as the assumptions about employment density and commercial/industrial zoning do not vary between the scenarios (although employment location is in uenced by other assumptions, such as the attrac- tiveness of locating near transit stations). In other words, the distribution of new population does not affect the projected distribution of new commercial and industrial development, and jobs/housing balance was not a consideration in the development of the scenarios. Taking into account the local scale factors and a better job/population balance in the land use and built environment strategies might result in further improvements. Finally, while we have not speci cally incorporated estimates of uncertainty in the modeling process, and these effects will certainly play a role in the accuracy of future forecasts, the range of elasticities across the counties gives some indication of the overall uncertainty, or at least the dependence of the elasticity on other factors.
For additional information on the effect of uncertainty in travel models, see Pradhan and Kockelman (2002) .
Coordinating land use strategies with transportation and air quality improvement is particularly challenging in areas such as the SJV region, where rapid growth is occurring and future development is expected. e comparison and elasticity values developed in this study suggest that compact growth may be better than urban sprawl in terms of reducing vehicle activities and costs for the environment.
is work also has implications for greenhouse gas (GHG) reductions: as VMT decreases so will GHG emissions. However, compact growth with high residential density is not only hard to achieve, it also likely insufficient to fully accommodate travel demand without air quality impacts in a rapidly growing region. Our conclusion points not so much to the futility of this approach as to the necessity of adopting a package of complementary policies (such as pricing and technological improvements) in order to achieve the needed reductions in vehicle emissions.        . 
